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Abstract

Echo phenomena are well known in plasma physics and
have been observed in accelerators in the longitudinal
plane. Echo measurements are appealing since they allow
the determination of small diffusion coefficients in a rela-
tively short time. In this paper we explore the possibility
of observing transverse echos in RHIC, created by a dipole
kick followed by a quadrupole kick. We describe a tech-
nical solution for a pulsed quadrupole, present analytical
estimates and show simulations of echo signals.

1 INTRODUCTION

Well known in plasma physics, echo phenomena have
only been recently introduced to accelerator physics. First
measurements of longitudinal echo signals have been re-
ported [1–8].

In the simplest case, a transverse echo is generated by a
dipole kick followed by a quadrupole kick. The echo sig-
nal appears as a dipole moment long after the initial dipole
oscillations have disappeared. We consider only this case.
Fig. 1–2 illustrate the creation of such an echo signal in nor-
malized phase space. A particle distribution is displaced
by several � of the transverse beam distribution through
a dipole kick. If the particle tune is amplitude dependent
the distribution filaments but information on the phase re-
lations between the particles is still retained if the filamen-
tation time is not too long. A quadrupole kick after time
� changes the distribution although it does not affect the
dipole moment. After a time �echo = 2� a transient dipole
moment appears, the echo signal. The left hand side of
Fig. 3 shows the dipole moment of the same distribution
with a dipole kick only and the right hand side of Fig. 3
shows the dipole moment with an additional quadrupole
kick, thus creating an echo signal. Such a signal can be
observed with beam position monitors.

A particularly interesting aspect of echo measurements
is the possibility of diffusion coefficient measurements in
short time intervals since any form of diffusion reduces the
echo signal.

One reason for the lack of transverse echo measure-
ments is the difficulty of applying a short quadrupole kick
to the beam. In the following section we will review the
technical options of applying one-turn dipole and one-turn
quadrupole kicks in RHIC. The next sections determine the
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expected maximum echo signal from theoretical computa-
tions and simulations. We consider the case of RHIC in
proton operation at injection. In proton operation intra-
beam scattering is less destructive to echo signals than in
gold operation. At injection energy the quadrupole kick is
most effective.

2 RHIC INSTRUMENTATION FOR
TRANSVERSE ECHOS

This section describes the possibilities of applying dipole
and quadrupole kicks in RHIC as well as the detectors that
can record an echo signal. While dipole kickers and detec-
tors are installed and available the quadrupole kicker is still
under construction.

2.1 Dipole Kickers

In RHIC there are three types of dipole kickers available:
the injection kickers [9, 10], the tune kickers [11] and the
abort kickers [12]. Their properties are summarized in
Tab. 1. Only the injection kickers can provide a one-turn
kick of several � and restricts our investigations to the ver-
tical plane. However, a dipole kick can also been achieved,
by injecting the beam under an angle.

Table 1: RHIC dipole kickers at injection energy.
Kicker Strength range Kick length

[�rad] �

Injection (ver) 300–1500 4.7–23.5 60 ns
Tune (hor) 0–11 0–0.2 90 ns
Tune (ver) 0–11 0–0.1 90 ns
Abort (hor) 250–2500 4.2–390 > 12 �s

2.2 Quadrupole Kicker

The quadrupole kicker is the real challenge in producing
transverse echos. We have available a special air core
quadrupole magnet [13] that can be used for a quadrupole
kicker. This magnet had been installed at the IP4 interac-
tion region and is common to both rings.

The magnet is designed for a maximum current of 50 A
which corresponds to a focal length of 500 m at injection
energy. However, in pulsed operation the current could be
raised above the 50 A design value.
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Figure 1: Left: Horizontal particle distribution in normalized phase space after the initial dipole offset. Right: The same
distribution 500 turns later.
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Figure 2: Left: Horizontal particle distribution in normalized phase space right after a 1 turn long quadrupole kick placed
500 turns after the dipole kick. Right: The same distribution 500 turns after the quadrupole kick.
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Figure 3: Left: The dipole moment of the distribution versus time after a dipole kick. Right: The same signal with an
additional quadrupole kick at 500 turns after the dipole kick.
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Fig. 4 shows resistance and Fig. 5 the inductance mea-
surements for the quadrupole as a function of frequency. In
one case it is assumed that resistance and inductance are
in series while in the other case it is assumed that they are
in parallel. In the parallel case the inductance is relatively
constant at 125 �H up to a frequency of 1 kHz and drops to
about 105 �H at a frequencies beyond 1 kHz. A one-turn
pulse would correspond to a frequency of 20kHz.
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Figure 4: Resistance measurements of the quadrupole. Re-
sults labeled “serial” assume that resistance and inductance
are in series, results labeled “parallel” assume that resis-
tance and inductance are in parallel.
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Figure 5: Inductance measurement of the quadrupole. Re-
sults labeled “serial” assume that resistance and inductance
are in series, results labeled “parallel” assume that resis-
tance and inductance are in parallel.

A relatively simple design for the pulsed operation of
the quadrupole is the one shown in Fig. 6. By closing the
switch S1 a power supply charges the capacitor C. When
charged the switch S1 opens again. By closing the switch
S2 at the time t0 the capacitor C will start to discharge
over the quadrupole with the inductance L = 105 �H. We
neglect for the moment magnet and cable resistance as well
as switching time.

The current in the coil L reaches a maximum after the
time t1 when the switch S2 can be opened again. The en-
ergy stored in the coil is then discharged in the resistor R.
By choosing R appropriately the current in the coil can be
zero after the time t2 with little further oscillation. During
the time t2� t0 there is a field in the quadrupole that would
create a quadrupole kick. The time t2� t0 can therefore be

S1 S2

Charging

Power

Supply
C

HµL=125 

D1
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R

Figure 6: Electric circuit for a pulsed quadrupole.
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Figure 7: Current in the coilL after the switch S2 is closed.

2 turns long, one turn to raise the current and one turn to
bring it to zero again.

For the angular frequency !0 of the electric circuit, the
capacitance C and the voltage V over the coil L the rela-
tions

!0 =
2�

2(t2 � t0)
; C =

1

!2

0
L

and V = !0LI:

(1)

hold. Fig. 8 shows the capacitance C and the voltage V as
a function of the quadrupole kick length assuming that the
peak current Imax in the coil is 50 A. According to Eq. (1)
the voltage over the quadrupole will increase proportion-
ally with the current, which in turn is proportional to the
quadrupole kick strength.
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Figure 8: Capacitance and voltage as a function of the
quadrupole excitation time for a peak current of 50 A in
the quadrupole.
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2.3 Detectors

For the observation of transverse echos only beam posi-
tion monitors (BPMs) are needed. The RHIC arc BPMs
are located at positions where the �-function reaches a lo-
cal maximum of 48m. The arc BPMs have a resolution of
at least 0.1 mm if there are no less than 109 charges per
bunch [14]. For protons this is about 1% of the design in-
tensity [15]. The detection of echo signals of several mil-
limeters should therefore pose no problem.

During the RHIC commissioning a turn-by-turn ion-
ization profile monitor (IPM) has been tested success-
fully [16]. While the BPMs can only detect the center
of charge, the IPM would give the projection of the phase
space distribution onto the x- or y-axis.

3 ANALYTICAL ESTIMATES OF ECHO
SIGNALS

In this section we follow closely Ref. [17]. We use normal-
ized phase space coordinates (xN ; x0N ) according to

xN =
1
p
�
x and x0N =

1
p
�
(�x+ �x0) (2)

where (x; x0) are the unnormalized transverse phase space
coordinates and � and � are the lattice functions. The ini-
tial particle distribution is assumed to be Gaussian with an
rms emittance �:

 (xN ; x
0

N ) =
1

2��
exp

(
x2N + x0N

2

2�

)
(3)

We furthermore define Q as the ratio of the �-function
at the quadrupole location to the focal length of the
quadrupole, a the dipole kick strength in normalized co-
ordinates and � the time between dipole and quadrupole
kick. � gives the amplitude dependent tune shift at one �
of the unkicked particle distribution,

� = �0 � �
x2N + x0N

2

�
: (4)

Second order perturbation theory gives for the echo ampli-

tude � =
q
x2N + x0N

2 after a one-turn dipole and a one-
turn quadrupole kick

� = aF

�
�

�0

t� �

�d

�
(5)

where �0 = Q� , �d = T0=4�� and the functionF

F (x; y) =
x

[(1 + x2 � y2)2 + 4y2]2=3
: (6)

The effect of diffusion on the echo amplitude can be com-
puted for the case when the time � is small compared to the
decoherence time �d and the parameter Q is small [18]. In
this case one has

�max =
aQ

�d

�

1 + 8D0�2!
2

0
�3=3�

; (7)

where !0 = 2�=T0 is the angular revolution frequency
and D0 the diffusion coefficient. For the parameters in
Tab. 2 Eq. (7) gives a maximum echo amplitude of 0.44
of the dipole kick and 5000 turns between the dipole and
the quadrupole kick. Such an echo amplitude would be ob-
servable.

4 SIMULATIONS

In the simulations we assume that the quadrupole kick can
be extended over a few turns. This mode of operation is
not covered in Sec. 3. The simulations are used to de-
termine the maximum acceptable kick length of a pulsed
quadrupole kick, the optimum time � between dipole and
quadrupole kick and the minimum required kick amplitude.
In all cases we assume that the quadrupole signal increases
over half the kick length (ramp-up) reaches its maximum
signal at half the kick length and decreases again during
the second half of the kick length (ramp-down).

The left hand side of Fig. 9 shows such an excitation
versus time. The right hand side of Fig. 9 shows the max-
imum echo response (dipole signal) versus the excitation
time �T for a quadrupole kick 5,000 turns after the dipole
offset with an quadrupole kick amplitude corresponding to
25A. The signal decreases rapidly for a pulsed excitation
which is longer than 10 turns. Note that dipole kick was
9 mm and the computed echo amplitude for one turn from
Eq. (7) is 2 mm in agreement with the simulation.
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Figure 9: Left: The quadrupole excitation versus time for a
amplitude of k = 1:0 � 10�3m�1 and an excitation time of
100 turns. Right: The maximum echo response versus the
excitation time �T .

Because the particle distribution rotates in the transverse
phase space with the betatron frequency a long quadrupole
excitation does not lead to a simple elongation and tilt of
the phase space distribution but rather to a perturbation
which looks approximately uniform over the azimuthal an-
gle of the transverse phase space. Since the echo signal
relies on local density deformation along the azimuthal an-
gle of the transverse phase space this uniformity of the dis-
tribution reduces the final echo amplitude. For a perfectly
uniform azimuthal perturbation of the transverse distribu-
tion the echo signal vanishes entirely.

The left hand side of Fig. 10 shows the maximum echo
response versus the time separation between the initial
dipole offset and a 10 turn long quadrupole kick. The echo
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Table 2: RHIC machine parameters, proton beam at injection.
Parameter Symbol Unit Value
Revolution frequency frev kHz 78.196
Particle momentum p GeV/c 25
Maximum transverse rms beam size �x;y mm 2.42
Maximum transverse �-function in arcs �x;y m 48.6
Transverse tune �x;y 1 28.19/29.18
Detuning � 1 0.0035
Quadrupole kick strength (at 50A current) Q 1 0.02

signal has a maximum amplitude for a time separation of
60,000 turns between the dipole kick and the quadrupole
kick. Assuming that the maximum echo response varies
linearly with the quadrupole excitation amplitude and re-
quiring a maximum echo response of at least 1/10 of the
initial 9 mm dipole signal one needs a quadrupole kick of

k � 1:8 � 10�4m�1 and �T � 10 turns: (8)

The right hand side of Fig. 10 shows the dipole signal of the
distribution versus the number of turns for a 10 turn long
quadrupole kick with k = 1:0 � 10�3m�1 at turn 50,000
after the initial dipole offset.
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Figure 10: Left: The maximum echo response versus the
separation time T between the initial dipole kick and a 10
turn long quadrupole kick with k = 1:0 � 10�3m�1. Right:
The dipole signal of the distribution versus time for a 10
turn long pulsed quadrupole kick with k = 1:0 � 10�3m�1

at turn 50,000 after the initial dipole offset.

5 SUMMARY

It should be possible to built a quadrupole kicker for RHIC
that gives a one-turn normalized quadrupole kick of Q =

0:02. Analytical estimates and simulations predict that with
such a quadrupole kick a transverse echo should be overv-
able in at injection. Transverse echo measurement may al-
low the fast determination of diffusion coefficients.
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